, controls the expression of the luciferase strucnaling molecules called autoinducers. Cell-cell commutural operon luxCDABE . LuxO nication allows a population of bacteria to coordinate action is indirect, as our evidence suggests that the the gene expression and therefore the behavior of the LuxO-54 complex affects luxCDABE by activating the group. The functions controlled by quorum sensing are expression of a repressor that remains to be identified varied and reflect the needs of a particular species of (denoted "X" in Figure 1 ). Expression of luciferase also bacteria inhabiting a given niche. Usually, the types of requires the transcriptional activator protein LuxR and subsequently transfer phosphate to conserved Generally, quorum sensing circuits in gram-negative aspartate residues (D1) in their adjacent response regubacteria are composed of two regulatory functions. lator domains. Phosphate from both LuxN and LuxQ is First, the autoinducer signal is an acylated homoserine funneled to the conserved histidine residue (H2) of LuxU lactone (HSL) whose synthesis depends on a LuxI-type and finally to the appropriate aspartate residue (D2) of autoinducer synthase. Second, a regulatory protein of LuxO. We suggest that phospho-LuxO binds 54 Dephospho-LuxO is inactive, so no expression of the ing regulatory components of V. harveyi Signaling Sysputative Lux repressor X occurs. LuxR activates the tem 2 (luxS, luxP, and luxQ), as well as all of the V. harveyi transcription of the luciferase operon, and V. harveyi components shared by both System 1 and System 2 produces light.
(luxU, luxO, rpoN, and hapR, which is homologous to We have suggested that V. harveyi uses HAI-1 and luxR of V. it appears that V. cholerae possesses a complete V.
Schauder et al., 2001).
harveyi-like Signaling System 2, V. cholerae N16961 Although Vibrio cholerae is closely related to V. hardoes not possess a luciferase structural operon, so it veyi, these species often inhabit vastly different niches.
is not clear what might be the target(s) of this quorum Both species are marine bacteria, but V. harveyi, while sensing circuit. known to be a pathogen of tiger prawns, is not pathoTo test if the putative V. cholerae quorum sensing genic to humans (Liu et al., 1996; Manefield et al., 2000) .
System 2 is functional, we introduced the V. harveyi In contrast, V. cholerae is a major human pathogen in luciferase genes and used light production as a heterolothe third world (Faruque et al., 1998 Figure 2A shows that the most downstream V. harveyilike quorum sensing components luxO and hapR function in V. cholerae. To test whether the V. harveyi-like components luxS, luxP, and luxQ are also involved in the quorum sensing signal transduction pathway, we deleted each of these genes in V. cholerae and examined the effect on lux expression. Figure 2B shows that inactivation of luxS, luxQ, or luxP does not abolish densitydependent lux expression in V. cholerae (squares, stars, and triangles, respectively). Analogous to V. harveyi, there are notable differences in the amplitudes of the lux response curves for the various mutants, which stems from the relative ratio of kinase to phosphatase activity that remains when only one circuit is operating. type (Freeman and Bassler, 1999a Figure 2A . 1999a). The Lux phenotypes presented in Figures 2A In this experiment, the V. cholerae strains were grown and 2B suggest that this is also the case in V. cholerae, overnight to stationary phase. The cultures were diluted and that System 2 and at least one other system must 1:1000 at the start of the experiment, and light producfunction in parallel to regulate luciferase. Furthermore, tion per cell was measured during the subsequent both of these systems must relay information through growth of the diluted cultures. Figure 2A shows that LuxO and HapR because, unlike mutation of luxS, luxP, wild-type V. cholerae produces light in a cell densityor luxQ, mutation of luxO or hapR completely abolishes dependent pattern, a hallmark of a quorum sensingdensity sensing in V. cholerae. controlled process (diamonds). Specifically, immediately after dilution of the wild-type V. cholerae culture, a dramatic decrease in light emission per cell occurs.
V. cholerae Possesses Multiple Quorum Sensing Circuits
Quorum Sensing Signal Integration in V. cholerae One marked difference exists between the behavior of However, after further growth, light production per cell sharply increases. In quorum sensing-controlled lumithe various V. harveyi and V. cholerae quorum sensing mutants, and that is the luxU phenotype ( Figure 2C ). In V. harveyi, both signaling systems require the Hpt protein LuxU for information transfer to LuxO (Figure 1 ). Therefore, inactivation of either luxO or luxU in V. harveyi results in a constitutively bright strain (Freeman and Bassler, 1999b) . However, deletion of luxU in V. cholerae results in a strain that retains density-dependent expression of lux ( Figure 2C , circles). We suggest two possible interpretations for this phenotype: (1) LuxU acts in only one of the two V. cholerae quorum sensing circuits, or (2) more than two systems exist, and LuxU acts in only a subset of the V. cholerae sensory systems. We distinguish between these possibilities in a subsequent An obvious candidate for the System 1 sensor is the V.
production was measured after 2.5 hr of growth.
cholerae protein annotated as "LuxN" in the genome sequence. We found that a "luxN" deletion mutant retains density-dependent lux expression and has essen-CAI-1. We found that six of the mutants could be crossfed to a Lux ϩ phenotype, indicating that these had insertially a wild-type phenotype. We expected this phenotype, because, as we have argued, a double System tions located in a gene(s) required for production of an autoinducer other than AI-2. Analysis of the remaining 23 1-System 2 mutant should be required to eliminate quorum sensing in V. cholerae. Therefore, we constructed dark mutants showed that they had acquired mutations that impacted metabolic functions required for light prothe V. cholerae "luxN", luxQ double mutant and examined its lux phenotype. In V. harveyi, a luxN, luxQ double duction such as ribE and ribA, genes that are essential for riboflavin biosynthesis, which is a required cofactor mutant is constitutively bright because no phosphate flows from the sensors to LuxO to cause lux repression in the luciferase reaction. (Figure 1 ; Freeman and Bassler, 1999a). However, in V. cholerae, the double "luxN", luxQ mutant retains den-
Identification of the CAI-1 Synthase
The locations of the six Tn5 insertions that eliminated sity-dependent lux regulation. This result suggests that either "luxN" is not involved in quorum sensing in V.
CAI-1 production mapped to the same gene (denoted VCA0523 in the V. cholerae genome database). Our findcholerae, or that "luxN" is involved, but the quorum sensing signaling architecture in V. cholerae is more ings indicate that VCA0523 encodes an autoinducer synthase, which we name CqsA for Cholerae quorum senscomplex than that of V. harveyi.
We reasoned that if we could identify and mutagenize ing autoinducer. To verify that cqsA encodes an autoinducer synthase, the System 1 autoinducer synthase gene, then we could perform a convincing test for whether "LuxN" is required we performed autoinducer crossfeeding experiments. We prepared cell-free culture fluids from wild-type V. for regulation of lux in response to the System 1 autoinducer. From here forward, we will call this signal CAI-1 cholerae ( ) preparation is added. This result shows that, in the absence of AI-2, an additional stimulatype of the CAI-1 Ϫ , AI-2 Ϫ mutant, a transposon insertion in hapR would also result in a Lux Ϫ phenotype. We tory substance is present to which V. cholerae responds. In contrast, cell-free fluids prepared from the ⌬cqsA performed PCR on the 37 dark strains, and eight mutants did not yield a hapR PCR product, indicating that they mutant (CAI-1 Ϫ , AI-2 ϩ ) contain only slight stimulatory activity (11-fold). Therefore, in addition to the requirehad acquired a transposon insertion in hapR. These mutants were not studied further. To determine which ment for luxS to produce AI-2, the cqsA gene is required for production of the additional autoinducer CAI-1. Furof the remaining mutants were defective in CAI-1 synthesis, we performed a crossfeeding assay. We reasoned ther, the response of V. cholerae to CAI-1 is stronger than to AI-2. that CAI-1 Ϫ , AI-2 Ϫ mutants carrying luxCDABE should be crossfed to a Lux ϩ phenotype when plated in close The right set of bars in Figure 3 demonstrates that LuxQ is not required for the response to the CAI-1 auproximity to the AI-2 Ϫ V. cholerae parent strain because the parent strain is capable of supplying the putative toinducer. Specifically, when the ⌬cqsA, ⌬luxQ (Sensor the "LuxN" protein is required for detection of and response to the CqsA-dependent autoinducer CAI-1. V. harveyi HAI-1 does not stimulate light production in V. cholerae containing the lux operon, showing that the autoinducer produced by LuxLM in V. harveyi is distinct from the one produced by CqsA in V. cholerae (data not shown). Therefore, "LuxN" of V. cholerae does not recognize the same ligand as LuxN of V. harveyi. We name the sensor annotated as "LuxN" in the V. cholerae genome CqsS for Cholerae quorum sensing sensor.
Analysis of CAI-1
CqsA could catalyze an enzymatic reaction similar to that of LuxI-like enzymes to form an HSL autoinducer. 
Analysis of Sensor 1 in V. cholerae
We did not detect activity in our preparations, sugOne reason to identify the CAI-1 synthase was to give gesting that if CAI-1 is an HSL, it does not have a convenus a means to test whether the V. cholerae "LuxN" protional structure. tein has a role in quorum sensing. Surprisingly, when
To investigate the requirements for CAI-1 production, we mapped the transposon insertions to the cqsA we cloned the V. cholerae cqsA gene into a ⌬luxS E. (VCA0523) gene, we found that cqsA is adjacent to, coli and found that the recombinant produces abundant but transcribed in the opposite direction from, the V.
CAI-1. This result indicates that if any machinery besides cholerae "luxN" homolog. The close proximity of "luxN"
CqsA is necessary for CAI-1 biosynthesis, it is conto cqsA indicated that it was likely that "LuxN" is inserved between V. cholerae and E. coli. In earlier work, volved in V. cholerae quorum sensing.
we showed that AI-2 biosynthesis requires SAM by addTo examine whether "LuxN" is the CAI-1 sensor, we ing SAM to luxS ϩ E. coli lysates and monitoring AI-2 performed epistasis analysis, reasoning that if "LuxN" production ). Similarly, we tested is the CAI-1 sensor, then it must function downstream whether CAI-1 production in E. coli depends on SAM. of the CqsA synthase. We assayed the Lux phenotypes
We did not observe CAI-1 activity, suggesting that CAI-1 of the cqsA and "luxN" single mutants and the cqsA, biosynthesis requires some substrate other than or in "luxN" double mutant. Figure 4 shows that deletion of addition to SAM. Although we have not yet determined cqsA results in a dark phenotype in V. cholerae (circles).
the structure of CAI-1, our results indicate that, similar This phenotype is identical to the luxLM (HAI-1 Ϫ ) phenoto what we found for the LuxS-dependent AI-2, the type of V. harveyi. We have already reported that, in V. structure and biosynthesis of the CqsA-dependent auharveyi, System 1 is dominant to System 2, and therefore toinducer are not similar to previously identified signalelimination of HAI-1 results in a dark phenotype because ing molecules. its cognate sensor LuxN is locked as a kinase, and therefore lux is repressed (Freeman et al., 2000) . Apparently, this is also the case in V. cholerae. However, muta-A Minimum of Three Sensory Circuits Exists in V. cholerae tion of "luxN" is epistatic to mutation of cqsA in V. cholerae because the double ⌬"luxN", ⌬cqsA V. cholerae
We constructed single and double mutants in the two V. cholerae quorum sensing circuits in order to study mutant is restored to a bright, density-dependent phenotype identical to the phenotype of the single ⌬"luxN" signal transmission through this network. Surprisingly, unlike in V. harveyi, in V. cholerae combinations of Sys-V. cholerae mutant (open and closed squares, respectively). The results in Figure 4 prove that, in V. cholerae, tem 1 and System 2 double mutants did not eliminate density sensing. Figure 5A shows that the V. cholerae sensing, in V. cholerae a triple mutant must be required for this effect. 
expresses density-dependent luminescence shown). Our results show that CAI-1 and CqsS together (Freeman and Bassler, 1999b). We used epistasis tests and AI-2 and LuxPQ together each regulate luciferase
to examine the role of LuxU in each of the V. cholerae in V. cholerae. The finding that the joint inactivation of quorum sensing systems. To test whether signaling both of these quorum sensing systems does not elimithrough the CqsS sensor requires LuxU, we began with nate density-dependent lux expression can only be exthe ⌬cqsA, ⌬luxQ mutant. This mutant is dark because plained if V. cholerae has three (or more) sensory inputs. the absence of LuxQ eliminates input from System 2, Therefore, unlike in V. harveyi where a double System 1, and the absence of CAI-1 locks CqsS as a kinase ( Figure  5B, open squares) . LuxO is constitutively phosphorySystem 2 mutation causes complete abolition of density lated, which results in repression of lux expression. We has all three sensors inactivated. We predict that this strain should have a colonization, TCP, and CT phenoconstructed the triple ⌬cqsA, ⌬luxQ, ⌬luxU mutant and type identical to the luxO mutant, because no phosphate found that it displays density-dependent luminescence, flows through the circuit, so LuxO remains in the high showing that the CqsS sensor requires LuxU to channel cell density, inactive state. information to LuxO ( Figure 5B, open diamonds) .
We suggest that the quorum sensing circuits we have To test whether LuxQ is also dependent on LuxU for defined in the present work control the activity of LuxO phosphorelay to LuxO, we constructed a ⌬cqsS, ⌬luxP in V. cholerae. We further hypothesize that in wild-type double mutant. Although this mutant has wild-type V. cholerae, at low cell density, in the absence of autoinLuxQ, it cannot respond to AI-2 due to the absence of ducers, LuxO is active; it represses hapR, which results LuxP. However, unlike the ⌬cqsS, ⌬luxS mutant, the in TcpP production and therefore activation of virulence ⌬cqsS, ⌬luxP mutant is dark because the absence of gene expression. Our model predicts that high autoinLuxP increases the LuxQ kinase activity to a higher level ducer concentrations should cause the inactivation of than does the absence of AI-2 ( Figure 5C, open circles) .
LuxO and the repression of the expression of pathogeThus, in the ⌬cqsS, ⌬luxP mutant, LuxQ remains locked nicity genes. To test this idea, we prepared cell-free in kinase mode, resulting in phosphorylation of LuxO culture fluid from wild-type V. cholerae and added this and, in turn, repression of lux and a dark phenotype (see preparation at 80% (v/v) to a V. cholerae ⌬cqsA, ⌬luxS Figure 1 ). We found that the triple ⌬cqsS, ⌬luxP, ⌬luxU (Sensor 1 ϩ , CAI-1 Ϫ , Sensor 2 ϩ , AI-2 Ϫ ) mutant and meamutant is restored to density-dependent luminescence sured the production of TCP and CT. We also introduced ( Figure 5C , open triangles). This phenotype is identical a tcpP-lacZ transcriptional fusion into this strain and to the ⌬luxU single mutant phenotype and demonstrates measured its expression when medium alone or 80% that LuxQ activity on LuxO requires LuxU.
cell-free culture fluid was added. Figure 6B shows that Figure 5 shows that LuxU functions in both System 1 no expression of TCP or CT occurs, and tcpP-lacZ exand System 2 signal relay. However, because the ⌬luxU pression is reduced approximately 10-fold in the presmutant has a density-dependent Lux phenotype, it must ence of 80% wild-type cell-free culture fluids. not act in System 3 signal transduction. Our results are
To verify that the autoinducers in cell-free culture fluconsistent with a minimum of three redundant sensory ids are responsible for virulence repression, we meacircuits in V. cholerae. If more than three systems exist, sured the repression of tcpP-lacZ expression caused it remains possible that LuxU is a component of "System by 80% cell-free culture fluid from the wild-type and 3" but not of "System 4," etc. from the ⌬cqsA, ⌬luxS (CAI-1 Ϫ , AI-2 Ϫ ) strain. We tested these preparations on a ⌬cqsA, ⌬luxS (CAI-1 Ϫ , AI-2 Ϫ ) Quorum Sensing Regulates Virulence strain carrying the tcpP-lacZ fusion to avoid interference in V. cholerae from endogenous production of CAI-1 and AI-2 by the Using V. harveyi luciferase as an artificial quorum sensrecipient. Figure 6C shows that the preparation from the ing reporter in V. cholerae has allowed us to identify CAI-1 Ϫ , AI-2 Ϫ mutant contains significantly less represssome of the components of the network that controls ing activity (33 ␤-gal units) than does the preparation cell-cell communication. Another goal of ours is to deterfrom the wild-type strain (7.7 ␤-gal units). mine the endogenous quorum sensing-controlled target In our model, CAI-1 and AI-2 inhibit virulence factor genes in V. cholerae. Earlier we showed that, at low production by channeling information through the sencell density, LuxO indirectly activates the V. cholerae sory circuit we have identified. To test this assumption, virulence regulon by repressing hapR, which results in we performed the above experiment except that we production of the virulence regulator TcpP (Zhu et al., added the two cell-free culture fluid preparations to a 2002).
⌬cqsA, ⌬luxS, ⌬hapR (CAI-1 Ϫ , AI-2 Ϫ , HapR Ϫ ) recipient To determine the influence of quorum sensing Sysstrain. In V. cholerae, the ⌬hapR mutation is epistatic tems 1 and 2 on virulence gene expression in V. cholto the ⌬cqsA (CAI-1 Ϫ ) and the ⌬luxS (AI-2 Ϫ ) mutations erae, we performed infant mouse colonization assays because a ⌬cqsA, ⌬luxS, ⌬hapR (CAI-1 Ϫ , AI-2 Ϫ , HapR Ϫ ) with mutants described above, and we also assayed strain cannot be crossfed to a Lux ϩ phenotype by the their ability to produce the primary colonization factor addition of cell-free culture fluids (not shown). If CAI-1 toxin-coregulated pilus (TCP) and cholera toxin (CT) in and AI-2 act through the circuit we are investigating, vitro ( Figure 6A ). As demonstrated previously, the luxO then no repression of tcpP-lacZ should occur in the mutant is significantly reduced in its ability to colonize ⌬cqsA, ⌬luxS, ⌬hapR (CAI-1 Ϫ , AI-2 Ϫ , HapR Ϫ ) triple muinfant mice, and consistent with this finding, it produces tant. Neither wild-type nor CAI-1 Ϫ , AI-2 Ϫ culture fluids neither TCP nor CT. In contrast, inactivation of the V. affect tcpP-lacZ expression when added to a recipient harveyi-like System 2-specific components luxS, luxP, lacking HapR ( Figure 6C ). Together these results show and luxQ, of the newly identified System 1 components that CAI-1 and AI-2 contribute to repression of virulence cqsA and cqsS, or of luxU does not significantly impact factor expression specifically through the quorum sensintestinal colonization or production of TCP and CT (Figing circuit we describe here. Although the experiments ure 6A). We also tested mutants defective in both quopresented here do not distinguish between the contriburum sensing systems and found that each is wild-type tion from CAI-1 and that from AI-2 to tcpP-lacZ represfor the virulence activities. This result is not unexpected sion, we examined their specific roles by adding cellbecause, in each of our mutants, at least one sensory free culture fluids from the ⌬cqsA (CAI-1 Ϫ ) and ⌬luxS system remains operational, and apparently this is suffi-(AI-2 Ϫ ) single mutants to the CAI-1 Ϫ , AI-2 Ϫ (HapR ϩ ) strain cient for the expression of virulence. Optimally, we containing the tcpP-lacZ fusion. Each autoinducer is capable of partially inhibiting tcpP-lacZ expression, but would perform these experiments with a mutant that Figure 7) . CqsA is an autoingest that these pathogenicity regulators must act after ducer synthase, and CqsS is the sensor for the CqsALuxO action. At that time, we did not understand how dependent signal (Figures 3 and 4) . Additionally, our information was relayed to LuxO. Here we demonstrate epistasis analysis shows that LuxU is shared by both that the information is channeled through the three senof these quorum sensing systems. sory systems in Figure 7 . Our examination of the pathoInterestingly, the phenotypes of some of the V. cholgenicity of the single and double System 1 and System erae quorum sensing mutants do not correspond to 2 mutants shows that these mutants are wild-type for those of V. harveyi. Specifically, unlike in V. harveyi, in their ability to colonize mice as well as CT and TCP V. cholerae, a double mutant inactivated in both System production ( Figure 6A ). This result is expected because 1 and System 2 retains density-dependent lux expreswe suggest that a triple mutant that is defective for sion ( Figure 5 ). This result suggests that at least one signaling through all three systems must be required to more sensory circuit must be present in V. cholerae. In abolish virulence. Figure 7 we have termed this "System 3." The putative Our hypothesis is that extracellular signaling informaSystem 3 channels its sensory information to LuxO betion is transduced through LuxO and HapR to control cause elimination of LuxO completely abolishes densityvirulence. We show that cell-free culture fluids act to dependent lux expression in V. cholerae (Figure 2A ). Our repress tcpP expression and CT and TCP production results suggest that LuxU is not involved in System 3 ( Figure 6B ). Additionally, we observe that CAI-1 and AIsignal relay to LuxO ( Figure 2C ).
2 are responsible for much of this repressive activity, and We suggest that analogous to V. harveyi, in V. cholerae they exert their effect via a HapR-dependent pathway CAI-1 and System 1 are used for intraspecies cell-cell ( Figure 6C ). These results suggest that autoinducers, communication, and AI-2 and System 2 are used for acting through the quorum sensing components shown interspecies cell-cell communication. We do not know in Figure 7 , repress the expression of virulence factors what role the putative System 3 plays. Clues to its comin V. cholerae. position can be inferred from the data we present here,
In every experiment in which we add cell-free culture which suggest that the System 3 sensory input is not fluids to V. cholerae, the level of tcpP-lacZ expression an extracellular signal. Specifically, Figure 6C shows is lower than when sterile culture medium alone is added that an identical level of repression of tcpP-lacZ expres-(compare data in Figures 6B and 6C) . Therefore, an sion occurs when cell-free culture fluids from the ⌬cqsA, additional inhibitory activity is present in stationary ⌬luxS double mutant are added to either the HapR ϩ or phase culture fluids of V. cholerae that impacts tcpPthe HapR Ϫ strain. We know that LuxO and HapR are lacZ expression by a mechanism independent of HapR. required for System 3 signal transduction. Therefore, if
We do not know whether this activity is a genuine extraa System 3-dependent signal was present in the ⌬cqsA, cellular signal or an artifactual metabolic byproduct that ⌬luxS double mutant culture fluids, we would predict accumulates in stationary phase fluids. that tcpP-lacZ expression would be repressed to a At least three parallel sensory systems exist in V. cholgreater extent in the HapR ϩ strain than in the HapR Ϫ erae and converge to regulate virulence. We suggest strain. Given that this does not occur, we hypothesize that the extensive redundancy built into quorum sensing that the System 3 input is an endogenously produced control of virulence provides V. cholerae a robust system intracellular signal. If so, this would mean that a nonfor maintaining pathogenicity. Furthermore, the redunquorum-sensing input feeds into the circuit identified dant quorum sensing systems are combined with a rehere. dundant environmental sensory apparatus. The ToxRS, In an effort to define the endogenous target(s) under TcpPH systems integrate inputs including temperature, quorum sensing control in V. cholerae, we examined pH, growth phase, and osmolarity to control pathogenicvirulence. In an earlier report using microarray analysis, ity (Gardel and Mekalanos, 1994; Skorupski and Taylor, we showed that virulence gene expression is signifi-1997). We suggest that this highly complex multichannel cantly reduced in a V. cholerae luxO mutant (Zhu et al., sensory network has evolved because the switch be-2002). Additionally, we found that compared to the wildtween a nonpathogenic and a pathogenic lifestyle is type, a luxO mutant is severely defective in its ability to critical for survival of V. cholerae in the vastly different colonize infant mice, whereas a hapR mutant colonizes niches it inhabits. mice as efficiently as the wild-type. Using hapR-lacZ transcriptional fusions, we showed that LuxO exerts its effect on virulence gene expression indirectly by re- 
